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Accurate segregation of genetic material in eukary-
otes relies on the kinetochore, a multiprotein
complex that connects centromeric DNA with micro-
tubules. In yeast and humans, two proteins—Mif2/
CENP-C and Chl4/CNEP-N—interact with special-
ized centromeric nucleosomes and establish distinct
but cross-connecting axes of chromatin-microtubule
linkage. Proteins recruited byChl4/CENP-N include a
subset that regulates chromosome transmission
fidelity. We show that Chl4 and a conserved member
of this subset, Iml3, both from Saccharomyces cere-
visiae, form a stable protein complex that interacts
with Mif2 and Sgo1. We have determined the struc-
tures of an Iml3 homodimer and an Iml3-Chl4 hetero-
dimer, which suggest a mechanism for regulating
the assembly of this functional axis of the kineto-
chore. We propose that at the core centromere, the
Chl4-Iml3 complex participates in recruiting factors,
such as Sgo1, that influence sister chromatid cohe-
sion and encourage sister kinetochore biorientation.
INTRODUCTION
Nucleosomeswith the H3-like histone variant CENP-A are distin-
guishing marks of centromeric chromatin. In human cells, two
proteins—CENP-C and CENP-N—bind specifically to CENP-A
nucleosomes (Carroll et al., 2009, 2010), directing further assem-
bly of the kinetochore components that link centromeric
chromatin to spindle microtubules (MTs). The budding yeast
orthologs of these proteins are Mif2 and Chl4, respectively. An
N-terminal segment of CENP-C binds the four-protein Mis12/
Mtw1 complex, which connects in turn to the MT-binding
Ndc80 complex (Przewloka et al., 2011; Screpanti et al., 2011).
This organization, which is virtually universal in eukaryotes,
defines one principal axis of kinetochore structure but does
not explain the presence of CENP-N and its orthologs. In
budding yeast, Chl4 is required for accurate transmission ofwhole chromosomes during cell division, but we do not yet
know how its position in the kinetochore and its contacts with
other proteins contribute to this function.
The fidelity of chromosome segregation relies on biorientation
of sister kinetochores. To ensure biorientation, centromeres
accumulate high local levels of cohesins during both mitosis
and meiosis II (Tanaka et al., 2000; Kiburz et al., 2008; Ng
et al., 2009). Strains of budding yeast that fail to protect centro-
meric cohesins from destruction or removal during the first
round of meiotic division suffer increased missegregation in
meiosis II (Katis et al., 2004). During mitosis, kinetochore assem-
bly is necessary and sufficient to direct accumulation of centro-
meric cohesin complexes (Weber et al., 2004). This cohesin
enrichment depends on recruitment of the Scc2-Scc4 cohesin
loading complex to centromeres by the kinetochore proteins
Iml3 and Chl4 (Fernius and Marston, 2009; Fernius et al.,
2013). In addition, at anaphase of meiosis I, yeast rely on the
pericentromeric protein Sgo1 for protection of cohesin against
cleavage by separase (Kitajima et al., 2004), and in turn Chl4
and Iml3 are necessary for normal Sgo1 localization (Kiburz
et al., 2005). Thus, Chl4 and Iml3 act upstream of both cohesin
loading and Sgo1-mediated cohesin protection in establishing a
pericentromeric region of sister chromatid cohesion during
mitosis and meiosis.
Chl4 and Iml3 are part of a group of proteins in budding yeast
called the Ctf19 complex, most members of which are ortholo-
gous to the human proteins that make up the so-called ‘‘consti-
tutive centromere-associated network’’ (CCAN) (Schleiffer et al.,
2012). The constituents of these kinetochore-associated com-
plexes were identified in separate experiments by mass spec-
trometry of protein complexes isolated from cells (Cheeseman
et al., 2002; De Wulf et al., 2003; Okada et al., 2006). Normal
localization of a number of other Ctf19 complex members,
including Ctf3 (in early anaphase) and Iml3, depends on Chl4
(Pot et al., 2003). Together, Chl4 and Iml3 are also necessary
for efficient kinetochore localization of Cnn1, a histone-fold
protein that is related in sequence and function to CENP-T
(Schleiffer et al., 2012; Bock et al., 2012). Contact between a
C-terminal region of the Chl4 ortholog, CENP-N, and a putative
Iml3 ortholog, CENP-L, stabilizes CCAN proteins at the
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Iml3/CENP-L thus appear to have a conserved function in re-
cruiting inner kinetochore proteins.
We show here that Chl4 associates through a defined C-termi-
nal domain with Iml3 and that these proteins form a stable
complex. Indeed, coexpression of Chl4 and Iml3 is necessary
for reasonable recovery of recombinant Chl4 in any form (i.e.,
the full-length polypeptide or the C-terminal interacting domain).
Iml3 alone equilibrates rapidly between monomer and dimer,
and in the presence of Chl4 it forms a stable Iml3-Chl4 hetero-
dimer. We describe the crystal structures of both an Iml3
homodimer and an Iml3-Chl4361–458 heterodimer. The subunit
interface in the Iml3 homodimer is essentially the same as the
surface that contacts Chl4361–458 in the heterodimer. The purified
Iml3-Chl4 protein complex interacts with both Mif2 and Sgo1.
We suggest that the latter interaction is part of the mechanism
that ensures protection of centromeric cohesins in meiosis,
and that the Mif2-Chl4-Sgo1 axis establishes a link between
the kinetochore and sister chromatid cohesion.
RESULTS
Reconstitution of an Iml3-Chl4 Complex from
Saccharomyces cerevisiae
We could obtain soluble full-length Chl4 protein only by
coexpressing Chl4 with Iml3, an observation consistent with a
shared function for these proteins. The Iml3-Chl4 protein com-
plex remained intact when subjected to size-exclusion chroma-
tography; Iml3 alone was also soluble (Figure 1A). To determine
the domain of Chl4 required for Iml3 binding, we produced
untagged radiolabeled fragments of Chl4 in rabbit reticulocyte
lysates for affinity pull-down experiments with purified His6-
Iml3 as bait (Figure 1B). Residues 305–458 of Chl4 were suffi-
cient for binding to Iml3. We used partial tryptic digests and
mass spectrometry to identify the N- and C-terminal domain
boundaries of the associating fragment, and purified a stable
complex containing Iml3 and residues 361–458 of Chl4
(Chl4361–458; Figure 1A).
Sedimentation equilibrium analytical ultracentrifugation of
Iml3-Chl4, Iml3-Chl4361–458, and Iml3 showed that the Iml3-
Chl4 and Iml3- Chl4361–458 complexes both had apparent molec-
ular weights corresponding to heterodimers. Iml3 (without a Chl4
partner) showed evidence of exchange between monomer and
dimer (Figure 1C; Table S1).
Binding of Iml3-Chl4 to Mif2 and to Sgo1
The orthologs of Mif2 and Chl4, CENP-C and CENP-N, are both
nucleosome proximal (Carroll et al., 2009, 2010). We thereforeFigure 1. Reconstitution of the Iml3-Chl4 Complex and Binding of Mif2
(A) Iml3 and Chl4 association. Recombinant protein complexes were analyzed by
stable interaction with Iml3.
(B) Iml3 binds the C terminus of Chl4. His6-Iml3 was incubated with in vitro transl
NTA beads were visualized by gel radiography. Nonspecific bands, presumably
(C) Schematic showing the stoichiometries of various complexes determined by
(D) Iml3-Chl3 associates with a C-terminal fragment of Mif2. Iml3-Chl4 and M
chromatography. The trace shows absorbance at 280 nm versus elution volume
mixed at an apparent 2:1:1 (Mif2256–549:Iml3:Chl4) molar ratio (see also Figure S1
(E) Iml3-Chl4 association with Sgo1. Recombinant Iml3-Chl4 proteins with His6 t
with in vitro translated 35S-labeled Sgo1. Proteins that bound to Ni2+-NTA beadslooked for a potential association between these two compo-
nents and found that a C-terminal fragment of Mif2 (residues
256–549) bound the Iml3-Chl4 complex (Figure 1D). This interac-
tion required the central region of Mif2 and the Chl4 N-terminal
domain, which was sufficient to support Mif2 binding (Figure S1).
Multiangle light scattering (MALS) showed that this complex
contains two copies of Mif2 and one copy each of Chl4 and
Iml3. This stoichiometry is consistent both with the observation
that Mif2 is a DNA-binding dimer (Cohen et al., 2008) and with
native kinetochore protein copy numbers determined by light
microscopy (Joglekar et al., 2006).
Because Chl4 and Iml3 are required for proper localization of
Sgo1 to pericentromeres during meiosis, we tested for an inter-
action between the Iml3-Chl4 complex and Sgo1 protein (Fig-
ure 1E). His-tagged, full-length Iml3-Chl4 protein pulled down
untagged, radiolabeled, full-length Sgo1 presented as prey
from an in vitro translation system. The interaction required a
region near the N terminus of Chl4 that is conserved in CENP-
N of higher eukaryotes. We could not, however, express and
purify a protein complex containing Iml3-Chl4 and Sgo1.
Structure of an Iml3 Homodimer
Crystals of full-length Iml3 grew in multiple conditions. We used
selenomethionine derivatives of these crystals to record single-
wavelength anomalous dispersion (SAD) diffraction data and
to determine the structure of Iml3 at a resolution of 2.5 A˚ (Fig-
ure 2A). The structure shows a central b sheet with ten strands
that wrap around two a helices. Four helices decorate the
outside of this core. In our crystals, the b sheets of Iml3 subunits
related by a crystallographic dyad pair to form a continuous
20-strand sheet.
One entry in the structural database, the bacterial recombina-
tion-associated protein RdgC, has essentially the same fold as
Iml3 (Ha et al., 2007; Holm and Rosenstro¨m, 2010). Several other
proteins, including the ‘‘b-ear’’ of the clathrin adaptor complex
AP-2 (Owen et al., 2000), and spermine synthases (Wu et al.,
2008), have domains with the same fold as the compact module
at the N terminus of Iml3 (residues 1–108). TATA-binding protein
(TBP) is a single-chain ‘‘pseudodimer’’ (Kim et al., 1993), each
half of which has the structure of the Iml3 N-terminal module.
No consistent sequence similarities link Iml3 with any of these
proteins, however.
Structure of an Iml3-Chl4 Heterodimer
We obtained crystals of the Iml3-Chl4361–458 complex, from
which we recorded diffraction to a resolution of 2.3 A˚. We
used the Iml3 coordinates to determine the structure of thisand Sgo1
size-exclusion chromatography. Chl4361–458 is a minimal fragment required for
ated 35S-labeled Chl4FL, Chl4305–458, or Chl41–304. Proteins that bound to Ni2+-
truncation products of Chl4, are marked with stars.
analytical ultracentrifugation (see also Table S1).
if2256–549 were purified separately, mixed, and subjected to size-exclusion
. Peak contents were analyzed by SDS-PAGE. All three proteins coelute when
).
ags and the indicated Chl4 N-terminal truncations were purified and incubated
were visualized by gel radiography.
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Figure 2. Structures of the Iml3-Iml3 and Iml3-Chl4 Complexes
(A) Crystal structure of the Iml3-Iml3 homodimer (see Table S2 for crystallographic statistics). The contents of a single asymmetric unit of the crystal lattice are
shown in blue. Inset shows a close-up and rotated view of the homodimer interface. Side chains for methionine 198 and serine 169 are shown as sticks (yellow,
sulfur; red, oxygen).
(B) Crystal structure, determined by molecular replacement, of the Iml3-Chl4361–458 heterodimer. Iml3 is blue and Chl4361–458 is red. Insets show close-up and
rotated views of the heterodimer interface (see also Figure S2).
(C) Secondary structure diagram of the Iml3-Chl4361-458 heterodimer. Beta augmentation occurs between Iml3 b10 and Chl4361–458 b2.complex by molecular replacement (Figure 2B). The Iml3-Chl4
heterodimer relies on b augmentation at the same surface that
mediates Iml3 homodimerization (Figure 2C). Homodimer and
heterodimer formations are therefore mutually exclusive.
Alignments of Chl4 and CENP-N sequences from various organ-
isms show patches of strong similarity; the segment that
contacts Iml3 (residues 395–431) is the only one of these in the
C-terminal part of the protein.
A Chl4 homodimer could in principle form without steric clash,
but a cluster of four lysines at the dyad would probably destabi-
lize it. Therefore, although Iml3 may undergo exchange between
monomeric and dimeric species in solution, Chl4 appears to
have Iml3 as an obligate heterodimeric partner. The Iml3-Chl4
heterodimer buries roughly twice the solvent-accessible surface
area as does the Iml3-Iml3 homodimer (3,010 A˚2 versus
1,739 A˚2), consistent with our observation that in the presence
of Chl4, Iml3 heterodimerizes preferentially.
Both CENP-L and CENP-M have been proposed as candidate
orthologs of Iml3 (McClelland et al., 2007; Schleiffer et al., 2012).
Multiple sequence alignments that include metazoan CENP-L
orthologs show that the Iml3 dimerization interface is more
conserved than the rest of the protein (Figure S2). Structural
evidence therefore favors orthology between Iml3 and CENP-L.
Effects of Point Mutations at the Dimer Interface
We tested the structural determinants of dimerization with amino
acid substitutions in a part of the Chl4-Iml3 dimerization inter-
face that was not part of the augmented b sheet but still had
unambiguously interpretable electron density (Figure 3A). Three
mutations (S169R, L173R, and G197R) in Iml3 reduced homodi-
merization as assessed by size-exclusion chromatography (Fig-
ure 3B) and MALS (Figure S3A). These mutations also reduced
the affinity of Iml3 for Chl4 (Figure 3C). One substitution
(M198G) in Iml3 stabilized the homodimer, with only a small32 Cell Reports 5, 29–36, October 17, 2013 ª2013 The Authorseffect on heterodimerization. The Chl4:Iml3 heterodimer is
more stable than the homodimer, and single-point mutations
on the Chl4 side of the interface have effects that are too
weak to detect reliably. When coupled with a G197R substitution
in Iml3, however, both L416R and P428R in Chl4 measurably
weaken the heterodimer (Figure 3D). The effects of these various
mutations confirm the correspondence of the crystallographi-
cally determined contacts and the associations we examined
in solution.
Heterodimer Formation Is Necessary for Accurate
Plasmid Segregation
To determine whether dimerization of Iml3-Chl4 is essential for
their function, we tested in vivo the effects of the mutations
described above. S. cerevisiae strains that lack Chl4 or Iml3
have elevated levels of minichromosome missegregation (Fer-
nius and Marston, 2009). We therefore determined whether
point mutations that alter Iml3-Chl4 dimer formation could
mimic this phenotype. We constructed haploid strains with
amino acid substitutions in Iml3 or Chl4, encoded at their native
loci, and monitored the segregation of a centromere-bearing
plasmid in the absence of selection for an auxotrophic marker.
With one exception, haploid strains carrying the point mutations
Iml3S169R, Iml3L173R, Iml3G197R, Iml3M198G, Chl4L416R, Chl4P428R,
and Chl4W430R were measurably poorer than wild-type strains
at maintaining a plasmid that contained the CENVI sequence
(Figure 3E). We conclude that the Iml3-Chl4 interaction is
important for accurate segregation of genetic material. In
meiosis II, chromosome segregation is acutely sensitive to
Iml3-Chl4 status, and Iml3 deletion lowers sporulation effi-
ciency (Ghosh et al., 2004). We examined the meiotic products
of diploid cells and found that cells lacking Iml3 and cells
expressing only Iml3G197R had decreased sporulation effi-
ciencies (Figure S3C).
Figure 3. Point Mutations that Disrupt Iml3-Chl4 and Iml3-Iml3 Interactions
(A) Refined electron density at the Iml3-Chl4 dimer interface. 2Fo-Fc map contoured to 1.5s for Iml3195–201 (blue) and Chl4419–430 (red). Iml3G197, Iml3M198, and
Chl4P428 are colored darker and by atom type.
(B) Point mutations in the dimer interface impede Iml3 homodimerization (see also Figure S3). Iml3 proteins carrying His6 tags and the indicated point mutations
were purified and subjected to size-exclusion chromatography. The point mutations Iml3S169R, Iml3L173R, and Iml3G197R disrupt homodimer formation to varying
degrees. Iml3M198G forms an Iml3 homodimer that is more stable than the wild-type.
(C) Iml3 point mutations in the dimer interface impede Iml3-Chl4 complex formation. Iml3 proteins carrying His6 tags and the indicated point mutations were
purified and incubated with in vitro translated 35S-labeled Chl4 or Chl4P428R. Ni2+-affinity pull-downs were performed and bound protein was visualized by gel
radiography. Integrated band intensities are plotted for the indicated pull-downs, and pull-down efficiency is given as the percentage of input material recovered.
All Iml3 point mutants disrupt Chl4 binding to varying degrees. Chl4P428R shows a mild defect in complex formation for all Iml3 proteins tested.
(D) Chl4 point mutations that disrupt Iml3-Chl4 binding. 35S-labeled Chl4 proteins (wild-type and five mutants) were translated as for (C), and Ni2+-affinity pull-
downs were performed using His6-tagged Iml3 or His6-tagged Iml3G197R as bait. Chl4L416R and Chl4P428R disrupt binding to Iml3G197R. A nonspecific band,
presumably a truncation product of Chl4, is marked with a star.
(E) Point mutations in the dimer interface partially recapitulate the plasmid missegregation phenotype seen in iml3 or chl4 strains. Haploid yeast strains carrying
the indicated Iml3 or Chl4 alleles were tested for their ability to segregate a minichromosome absent auxotrophic selection. All point mutants tested, except
Iml3L173R, showed plasmid segregation defects (three biological replicates, p < 0.05, Student’s t test, error bars show ±SD).DISCUSSION
Conservation of kinetochore proteins from yeast to humans is
now a well-established inference from genome sequencing
and genetic studies, but conservation of their spatial organiza-
tion and physiological functions has only recently become a
feasible target of structural and biochemical analyses. In human
cells, CENP-N (the Chl4 ortholog) and CENP-C (Mif2) both con-
tact CENP-A (Cse4) nucleosomes (Carroll et al., 2009, 2010).
Moreover, when associated with centromeric nucleosomes,
CENP-N, together with CENP-L (Iml3), recruits further CCAN
components. Here, we describe structures, interactions, andthe phenotypic consequences of interfering with those interac-
tions. Our results are consistent with the notion that Chl4, like
CENP-N, directs assembly of functionally related kinetochore
proteins when it is localized to the core centromere. The stability
of Chl4 depends on Iml3, which appears to function principally
as a regulatory chaperone. We further show that the Iml3-Chl4
heterodimer interacts in vitro with the centromere-binding
protein Mif2 and the regulator of cohesin protection, Sgo1. Our
results provide evidence for a conserved organizational hie-
rarchy that extends from the specialized centromeric nucleo-
some through CENP-C/Mif2 and Chl4/CENP-N to include other
CCAN/Ctf19 proteins (Figure 4).Cell Reports 5, 29–36, October 17, 2013 ª2013 The Authors 33
Figure 4. Conservation at the Inner Kineto-
chore
Schematic representation of the inner kinetochore
in budding yeast (left) and humans (right). A human
CENP-L dimer is shown in a shaded box to reflect
uncertainty.For Chl4, strong conservation appears to be at odds with its
dispensability in dividing yeast cells. Iml3 and Chl4 null strains
are viable, as are strains missing almost any other member of
theCtf19 group of proteins. Nearly all of these deletion strains suf-
fer, however, from a diminished ability to accurately segregate
whole chromosomes. For Iml3 and Chl4, previous findings and
our own data suggest three possible molecular explanations for
this phenotype. First, strains with defective Iml3-Chl4 dimers
mayexperienceweakenedkinetochore-MTattachmentasa result
of inadequate recruitment of Cnn1 (the yeast ortholog ofCENP-T).
Cnn1 does not localize to kinetochores in Iml3-Chl4-deficient
strains (Bocketal., 2012), andCnn1-deficientstrainshaveplasmid
segregationdefects (Schleiffer et al., 2012).Cnn1binds theNdc80
complex, which in turn connects to MTs (Schleiffer et al., 2012).
This conserved connection improves chromosome transmission
fidelity, but it is not required for kinetochore-MT attachment. Sec-
ond, because of inadequate recruitment of Sgo1, strains with
defective Iml3-Chl4 dimers may be less likely to achieve kineto-
chore biorientation. Sgo1 promotes mitotic kinetochore
biorientation (Indjeian and Murray, 2007) by an as yet unknown
mechanism. Third, strains with defective Iml3-Chl4 dimers may
fail to accumulate cohesins at the centromere and pericentro-
mere, as has been demonstrated for Iml3- and Chl4-deficient
strains (Fernius andMarston, 2009). All three of these possibilities
may contribute to crippling normal chromosome segregation.
Centromeric localization of Sgo1 is subject to complex regula-
tion. Duringmitosis andmeiosis, Sgo1 associates with both peri-
centromeric regions and the core centromere. Iml3 and Chl4
associate only with the latter (Kiburz et al., 2005; Fernius and
Marston, 2009), but their presence at the centromere is neces-
sary for the pericentromeric (and centromeric) localization of
Sgo1 (Kiburz et al., 2005; Marston et al., 2004). The checkpoint
kinase Bub1 is also required for normal Sgo1 localization during
both mitosis and meiosis (Kiburz et al., 2005). During mitosis,
Sgo1 localization requires phosphorylation of histone H2A by
Bub1 at serine 121 (Fernius and Hardwick, 2007; Kawashima
et al., 2010). Our data show that Iml3 binds and stabilizes the
C-terminal domain of Chl4, and that the Chl4 N-terminal region
contacts both Sgo1 and Mif2. We propose that binding to Chl4
contributes to Sgo1 localization.
How does Chl4/CENP-N recruit other Ctf19/CCAN proteins to
the kinetochore? In a model for contacts among the inner-
kinetochore components shown in Figure 4, Chl4 binds to Mif234 Cell Reports 5, 29–36, October 17, 2013 ª2013 The Authorsassociated with the core centromere
(and, by inference from the properties of
CENP-N, to the CENP-A histone Cse4)
and directs the assembly of other Ctf19
components. In human cells, this recruit-
ment requires the C-terminal domain of
CENP-N (Carroll et al., 2009). It is there-fore likely that the Chl4 C-terminal domain or Iml3 interacts
directlywith oneormorebudding yeast orthologs of thesehuman
CCANproteins.Our failure to observebindingbetween Iml3-Chl4
and other Ctf19 group proteins, however, leads us to propose
that posttranslational modification of either Iml3-Chl4 or its bind-
ing partner(s) is required for these interactions. This proposal is
consistent with cell-cycle-dependent kinetochore recruitment
of the CENP-I ortholog Ctf3 (Pot et al., 2003). Modification or as-
sociation with other factors may also influence the equilibrium
between Iml3 homodimerization and Iml3-Chl4 heterodimeriza-
tion, creating a potential point of regulation for Chl4-mediated
recruitment of binding partners to the kinetochore.
Dipterans and nematodes do not have obvious Chl4/CENP-N
orthologs (Schleiffer et al., 2012). Because insects other than
dipterans do have identifiable versions of Chl4/CENP-N, these
absences likely arose from separate gene-loss events. We see
two possible explanations for this observation. First, the proteins
that Chl4/CENP-N recruits to kinetochores may be absent from
dipterans and nematodes, so Chl4 is not needed to recruit them.
Second, the proteins that Chl4/CENP-N recruits to kinetochores
may have developed other ways to achieve correct localization in
these organisms. The former possibility applies to several Ctf19/
CCAN components, including CENP-H/I/K proteins (Ctf3/
Mcm16/Mcm22 in budding yeast), that have not been found in
worms or flies. How do these species manage accurate chromo-
some segregation without this functional subdomain of the
kinetochore (assuming comparable chromosome transmission
fidelity across species)? For many nematodes, the answer may
be that their holocentric chromosomes provide extra MT con-
nections that ensure accurate biorientation and segregation.
For dipterans, the answer is less clear, especially given the
observation that the fly ortholog of Sgo1, Mei-S332, seems to
have a conserved function in meiosis (Katis et al., 2004). As is
the case for Scm3/HJURP, which has apparently been replaced
with Cal1 (Mellone et al., 2011), dipterans may have arrived at a
separate but equal functional substitute for the Iml3/CENP-L-
Chl4/CENP-N kinetochore substructure.EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Coding regions for all genes were cloned from S. cerevisiae genomic DNA into
Escherichia coli expression vectors with T7 polymerase promoters, N-terminal
His6 tags, and TEV protease cleavage sites. For coexpression, coding regions
were cloned into a single polycistron using a PCR-based method. All proteins
were expressed in the SoluBL21 E. coli strain (Genlantis) and purified by Ni2+
affinity, ion exchange (HiTrap SPHP for TEV-cleaved, Iml3-Chl4 full-length, Hi-
TrapQ for all others; GEBioscience), and gel filtration chromatography (Super-
dex-200; GE Bioscience). The gel filtration buffer contained 20 mM Tris-HCl,
pH 8.5, 1 mM tris(2-carboxyethyl)phosphine (TCEP), and 100 mM NaCl
(Iml3, Iml3-Chl4361–458) or 200 mM NaCl (Iml3-Chl4, Mif2256–549). His6 tags
were cleaved following ion exchange with His6-tagged TEV protease for 2 hr
at room temperature. Protease, cleaved tags, and uncleaved proteins were
removed by Ni2+ affinity before gel filtration.
Crystallization and Structure Determination
All crystals were obtained by the hanging-drop vapor-diffusion method at
18C. Well solution was mixed 1:1 (v/v) with protein. Iml3 formed hexagonal
plates within 2 days, and rhombohedral Iml3-Chl4361–458 crystals were seen
within 24 hr. The crystallization condition (mother liquor) for Iml3 consisted
of 3.75 M sodium formate and 4% 2,5-diaminopentane. Larger Iml3 crystals
were obtained by microseeding with smaller crystals of the same morphology.
The crystallization condition for Iml3-Chl4361–458 consisted of 0.35MLi3-citrate
pH 9, 25% (w/v) PEG-3350. In both cases, crystals were washed in concen-
trated drop solution supplemented with 30% (v/v) glycerol before they were
frozen in liquid nitrogen. All data sets were collected on NE-CAT beamline
24ID-E. Data were indexed and scaled with HKL2000 (Otwinowski and Minor,
1997).
The structure of Iml3 was determined by SAD at 2.5 A˚ resolution. An initial
model was then used to determine by molecular replacement the phases for
the Iml3-Chl4361–458 structure at 2.3 A˚ resolution. SAD phases for the Iml3
crystals were determined with Phaser as implemented by Phenix Autobuild
(Adams et al., 2010). For nine expected selenium atoms per asymmetric
unit, Phaser found ten with amean figure of merit of 0.394. Inspection revealed
the extra selenium to be on a 2-fold axis of symmetry, and it was removed from
further phasing calculations. Autobuild density-modified maps for Iml3 and
Iml3-Chl4 were used for model building. Models were improved by iterative
rounds of refinement with Phenix Refine. Riding hydrogens were included as
implemented by Phenix. During late stages of refinement, ten translation/
libration/screw (TLS) groups were invoked for Iml3 in both the Iml3-alone
and Iml3-Chl4361–458 structures (Painter and Merritt, 2006). The final models
include residues 1–43, 51–60, 71–151, and 159–242 of Iml3 (for the Iml3
crystals, Rwork/Rfree = 22.4/25.6) and residues 1–242 of Iml3 and residues
374–450 of Chl4 (for the Iml3-Chl4361–458 crystals, Rwork/Rfree = 18.2/21.1).
See the Accession Numbers for details.
Analytical Ultracentrifugation and MALS
For analytical ultracentrifugation, purified proteins were prepared at three
concentrations in gel filtration buffer and spun to equilibrium at five different
speeds (15, 19, 25, 30, and 433 1,000 rpm) in a Beckman Optima XL-A centri-
fuge. Results were fit to a single-speciesmodel (Iml3-Chl4, Iml3-Chl4361–458) or
to a monomer-dimer exchange model (Iml3) using Sedphat (Vistica et al.,
2004).
ForMALS, samples were injected onto a 24ml size-exclusion column (S200;
GE) mounted on a high-pressure liquid chromatography system (1260 Infinity;
Agilent). Light scattering and refractive index were measured in real time
(Helios-II, T-rEX; Wyatt). The Astra software package was used for data anal-
ysis (Wyatt). The dn/dc values were computed as the mass-weighted average
of those for complex constituents, assuming the indicated stoichiometries.
In Vitro Translation and Pull-down Assay
Coding sequences for prey proteins were cloned into a vector containing a T7
promoter and a eukaryotic Kozak sequence. 35S-labeled proteins were pro-
duced using an in vitro translation system (Promega). Purified His6-tagged
proteins were mixed with untagged 35S-labeled proteins in binding buffer
(20 mM Tris pH 8, 150 mM NaCl, 20 mM imidazole, 5% glycerol, 2 mM
beta-mercaptoethanol, and 0.05% [v/v] NP-40) on ice for 1 hr. Binding reac-
tions were then incubated with agitation at 4C for 1 hr in the presence of
15 ml of NiNTA resin (QIAGEN), washed three times with binding buffer, and
eluted with SDS-PAGE loading dye supplemented with 400 mM imidazole.Loaded and bound proteins were analyzed by SDS-PAGE electrophoresis
followed by visualization with a phosphorimaging screen (BioRad).
Yeast Strains and Plasmid Segregation
Yeast strains containing chromosomal point mutations and deletions as
indicated in the main text were constructed by PCR methods as previously
described (Longtine et al., 1998). Primer sequences and constructs are avail-
able upon request. Strains were verified by colony PCR and sequencing. For
plasmid segregation assays, a plasmid containing the centromere from chro-
mosome VI, an autonomously replicating sequence (ARS), and the LEU2 gene
was transformed, and transformants were selected for by growth in synthetic
complete (SC)-Leu for 24 hr. Transformants were then grown in yeast extract-
peptone-dextrose (YPD) for 2 hr and plated for single colonies on YPD agar.
Colonies were replica plated onto SC and SC-Leu agar and counted. Sporula-
tion was carried out in liquid culture as described (Padmore et al., 1991).
ACCESSION NUMBERS
The coordinates reported in this paper have been deposited in the Protein Data
Bank under accession numbers 4IT3 and 4JE3 for Iml3 and Iml3-Chl4361–458,
respectively.
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